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Oxidative stress in adipose tissue constitutes a pathological process involved in obesity-linked met-
abolic disorders. Apolipoprotein E (apoE), which exhibits antioxidant properties in plasma and
brain, is highly produced by adipose tissue and adipocytes. In this study, we investigated the role
of apoE in the human adipocyte response to oxidative stress. We ﬁrst demonstrated that apoE secre-
tion by adipocytes was stimulated by oxidative stress. We also observed that apoE overexpression
protected adipocytes from hydrogen peroxide-induced damages, by mitigating intracellular oxida-
tion and exerting extracellular antioxidant properties. Our ﬁndings clearly show a novel antioxidant
role for apoE in adipose tissue.
 2009 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
The term oxidative stress refers to the situation where antioxi-
dant defenses are overwhelmed with oxygen-reactive species
resulting from increased free radical formation and cellular dam-
ages [1]. Oxidative stress has been increasingly implicated in the
pathogenesis of various diseases. Obesity is the fastest growing
nutritional disorder in industrial and emergent countries. It is
now well recognized that obesity dramatically increases the risk
for atherosclerotic vascular disease, the major cause of death all
over the world. Oxidative stress is closely linked to obesity-in-
duced disorders and has been found to be correlated to body mass
index [2].
In addition to its property in lipid storage, adipose tissue plays
active roles in many physiological and pathological processes
either by regulating energy metabolism or by exerting endocrinalchemical Societies. Published by E
20-azobis(2-ethylamidinopro-
peroxide; DCF-DA, dichloro-
.fr (E. Bourdon).and immunological activities [3]. Many studies have demonstrated
that obesity-induced oxidative stress in adipose tissue is a key pro-
cess leading to dysregulation of adipokine expression, cell inﬂam-
mation and insulin-resistance [4].
Apolipoprotein E (apoE), which is a component of lipoproteins,
e.g., chylomicrons, VLDL (very low density lipoprotein), intermedi-
ate-density lipoproteins, and HDL (high density lipoprotein), is
mainly produced and secreted by the liver [5]. apoE is known to
regulate both cellular and systemic cholesterol as well as triglycer-
ide metabolism [6,7] and has been highly studied for its potential
role in the etiology of atherosclerosis, diabetes, and obesity. apoE,
which was shown to exhibit anti-inﬂammatory, anti-atherogenic,
and anti-oxidant properties [8,9], has been found to be highly ex-
pressed by adipose tissue and adipocytes [10,11]. However, if apoE
expression by adipocytes has been known for many years, its
importance in the adipose response to oxidative stress has never
been thoroughly investigated.
Given the importance of oxidative stress-induced adipocyte
dysfunctions, the current study was undertaken to investigate
the potential role of apoE in human adipocytes response to oxida-
tive stress. We ﬁrst showed that oxidative stress stimulates apoE
secretion by human primary mature adipocytes and by SW872
cells, a liposarcoma cell line often used as a human adipocyte celllsevier B.V. All rights reserved.
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in adipocytic cells protects from oxidative stress-induced cellular
damages. Taken together, our results suggest that oxidative
stress-mediated enhancement in apoE secretion by adipocytes
may represent a mechanism to reduce adipose tissue inﬂammation
during obesity-associated disorders.2. Materials and methods
2.1. Materials
Human SW872 liposarcoma cells were purchased from Amer-
ican Type Culture Collection. Goat anti-human apoE and HRP-
conjugated goat anti-human apoE antibodies were obtained from
Academy Biomedical Company. AAPH [2,20-azobis(2-methylami-
dinopropane)] was provided from Sigma. Glycated bovine serum
albumin (BSA) is an advanced glycated endproduct prepared as
previously described [15] by incubating 0.5 mM BSA with
10 mM methyl-glyoxal in PBS, pH 7.4 in nitrogen gas capped
vials under sterile conditions and shaking for 2 days at 37 C.
The proteins were dialyzed against PBS, pH 7.4 and sterile-ﬁl-
tered with 0.2 lm Millipore. Caffeic acid (C-0625) was obtained
from Sigma (Saint-Louis, MO) and was dissolved in sterile di-
methyl-sulfoxide. Recombinant human apoE3 was obtained from
Peprotech.
2.2. Culture of primary mature adipocytes
Mature adipocytes were obtained from human subcutaneous
adipose tissue. The culture protocol has been described in previous
studies [12]. Cells were grown for 24 h in a CO2 incubator (5%) at
37 C. After 24 h, culture medium was replaced by fresh medium
containing either AAPH (1 or 2 mM), glucose (30 mM) or glycated
BSA (60 lM). The cells were incubated for an additional 24 h.
Supernatants were collected and apoE secretion was measured
by ELISA.
2.3. Culture of SW872 cells
Cells were cultured in DMEM high glucose: Ham’F12 (3:1 V/V)
containing 10% FBS and 2% penicillin/streptomycin. Cells were cul-
tured in 24-well plate (20 000 cells/well) with 500 lL of medium.
On the day of conﬂuence, culture medium was replaced by fresh
medium containing either AAPH (1 or 2 mM), or glycated BSA
(60 lM) for 24 h.
2.4. SW872 cell transfection with pcDNA3 apoE
SW872 cells were transfected with the expression vector
pcDNA3 containing the cDNA of human apoE3 using lipofectamine
and PlusTM Reagent, (Invitrogen). Human apoE cDNA was prepared
as published [16] and subcloned into the mammalian expression
vector pCDNA3. Stable transfectants were selected with geneticin
for 3 weeks. Several control clones and several E+ clones were cho-
sen for characterization, and to avoid clonal speciﬁc effects, all fur-
ther experiments were performed on at least three independent
clones.
2.5. Quantiﬁcation of cellular and extracellular apoE accumulation by
ELISA
After media collection, cells were washed two times with PBS
and then lysed in lysis buffer [25 mM Tris, 2 mM EDTA, 1% triton,
and 1% protease inhibitor mixture (GE Healthcare)], and spun for
10 min at 10 000g. One hundred microliters of culture mediumand 20 lg protein aliquots of cell lysates were used for apoE quan-
tiﬁcation by ELISA as described in [16].
2.6. H2O2 treatment
Empty-vector transfected cells (control) and apoE-overexpress-
ing cells (E+) were cultured in 24-well plates. On the day of conﬂu-
ence, 500 lL of fresh medium (without serum) containing 0, 100,
500 lM of hydrogen peroxide (H2O2) were added for 1 h. Cells
were then washed and fresh medium (without H2O2) was added
for 24 h.
2.7. Cytotoxicity measurements
Twenty-four hours after treatment, cells were washed, trypsin-
ized and stained with trypan blue. Living cells (non-blue) were
counted using an inverted microscope.
2.8. Quantiﬁcation of adipocyte gene expression by RT-PCR
Twenty-four hours after treatment, total RNA was extracted
with Trizol (Invitrogen). Reverse transcriptase reaction was per-
formed and cDNA was ampliﬁed by RT-PCR on an MX4000 system
from Stratagene, using the SYBR green master-mix purchased from
Qiagen. Adiponectin and leptin mRNA levels were normalized with
ribosomal protein L27. All primers were designed using Primer3
software and purchased from Invitrogen.
2.9. Quantiﬁcation of intracellular protein oxidation
Twenty-four hours after treatment, cells were washed, then
lysed in lysis buffer and spun for 10 min at 10 000g. Protein con-
centration was measured in lysates according to the Lowry meth-
od. Carbonylated proteins were analyzed using the Oxyblot kit
(Chemicon) [12]. Signal intensity quantiﬁcations were determined
using the freeware ImageJ (http://rsb.info.nih.gov.ij/).
2.10. Quantiﬁcation of intracellular oxidation levels
Twenty-four hours after treatment, cells were washed two
times with PBS, and incubated with 10 lM DCF-DA at 37 C. After
30 min, cells were washed once with PBS, and the ﬂuorescence
intensity of the oxidized form of DCF was measured in a micro-
plate-reader (BMG Labtech) at 492 nm (excitation) and 520 nm
(emission). Fluorescence values were calculated after subtracting
background (identical conditions without DCF). Results are ex-
pressed as percentage of ﬂuorescence compared to control un-
treated cells.
2.11. Antioxidant properties of apoE
Culture media from control and E+ cells and recombinant hu-
man apoE3 were submitted to AAPH-induced hemolysis test. Each
well of a 96-well plate was ﬁlled with 100 lL of a diluted red blood
cell solution (about 1  108 erythrocytes in 0.15 M NaCl). One hun-
dred microliters of culture media from control and E+ cells or
100 lL of recombinant apoE3 (5 or 10 lg/100 lL in PBS) were
added in triplicates. Hemolysis was started by adding 0.45 M AAPH
in each well. Turbidimetry at 450 nm was recorded every 10 min
using a 37 C thermostated microplate reader. For each medium,
the 50% of maximal hemolysis time (HT50%) was determined and
compared to control conditions (hemolysis in the presence of med-
ia from control cells for culture media or in the presence of PBS
alone for recombinant apoE3). The measurement of HT50% is very
reproducible: 1.32% and 3.85% intra- and inter-assay coefﬁcients,
respectively [17,18].
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Data are expressed as means ± S.D. Statistical analyses were
performed using unpaired Student’s t-tests.
3. Results
3.1. Oxidative stress stimulates apoE secretion by human adipocytes
The impact of oxidative stress on apoE secretion by human ma-
ture adipocytes and human SW872 liposarcoma cells was evalu-
ated. Oxidative stress was generated using three different
models. We used AAPH, high concentration of glucose, and glycat-
ed albumin. AAPH is a soluble chemical that generates peroxyl rad-
icals in the culture medium [19]. High concentration of glucose has
been shown to generate intracellular reactive oxygen species (ROS)
through the mitochondrial chain reaction [20]. We recently
showed that glycated albumin, when compared to native albumin,
increased intracellular oxidative stress in adipocytes leading to an
increase in oxidation of cellular proteins [12].
Incubation of mature adipocytes with AAPH (2 mM) for 24 h
signiﬁcantly increased apoE secretion (+20%) in the culture med-
ium (Fig. 1A). No change in apoE secretion was observed when cells
were treated with either glucose or glycated albumin (data not
shown). On the contrary, incubation of SW872 cells with AAPH
had no effect on apoE secretion, whereas incubation with glucose
(30 mM) and with glycated albumin (60 lM) for 24 h signiﬁcantly
increased apoE secretion by 70% and 40%, respectively (Fig. 1B).Fig. 1. Oxidative stress stimulates apoE secretion by human adipocytes. apoE ELISA was p
at 37 C with AAPH (1 and 2 mM), glucose (30 mM), glycated BSA or native BSA (60 lM), i
cells. P < 0.01 compared to native BSA. #P < 0.05 compared to treated cells.However, when mature cells were pre-treated with caffeic acid, a
well established antioxidant compound [21], the AAPH-induced in-
crease in apoE secretion was partially inhibited (Fig. 1C). Further-
more, SW872 pre-treatment with the antioxidant compound
totally abolished glucose stimulation of apoE secretion (Fig. 1D).
AAPH is a synthetic molecule which produces several types of
reactive peroxyl and alkoxyl radicals. High concentrations of glu-
cose and glycated albumin have been shown to generate intracel-
lular ROS through complex mechanisms involving cellular
organelles (mitochondria) and/or scavenger receptors (receptor
for advanced glycation end products) [12,20]. By contrast, after
Fenton reaction with trace metals present in the cell media, H2O2
generates mainly hydroxyl radicals, which are among the most
reactive species in biological systems [22]. In the following exper-
iments, we chose to focus our work on the role of apoE at the adi-
pocyte level by investigating the sensibility of apoE-overexpressing
cells submitted to H2O2, a common free radicals initiator [23].
3.2. apoE overexpression improves cell resistance to hydrogen
peroxide-induced cytotoxicity in adipocytes
SW872 adipocytes stably transfected with empty pcDNA3 (con-
trol cells) or with pcDNA3 containing human apoE cDNA (E+ cells)
were used to investigate the role of apoE in the adipocyte response
to oxidative stress. Wild-type cells (not transfected) and empty-
vector transfected cells secreted the same amount of apoE in the
medium (80 ng of apoE/mg of cell protein in 48 h) and accumu-
lated the same amount of cellular apoE in cell lysates (20 ng oferformed on media frommature adipocytes (A) and SW872 cells (B), treated for 24 h
n the presence or not of 50 lM of caffeic acid (B, D). **P < 0.01 compared to untreated
Fig. 2. Stable transfected SW872 cells overexpressing apoE. apoE ELISA was performed on culture medium (A) and cell lysates (B) from SW872 cells transfected with pcDNA3-
apoE3 (E+ cells) or from empty vector transfected cells (control cells), after 48 h of culture. Several control clones and several E+ clones were chosen for characterization, and
to avoid clonal speciﬁc effects, all further experiments were led on, at least, three independent clones.
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transfected cells as controls in the following experiments. In E+
cells, the amount of cellular and secreted apoE was 3–5-fold higher
than in control cells (Fig. 2).
Control and E+ cells were exposed to H2O2 for 1 h under serum-
free conditions, H2O2 was then removed and cells were incubated
for an additional 24 h. Cell viability was measured using the trypan
blue method. Exogenous H2O2 (100–500 lM) represents acute oxi-
dative stress. As shown in Fig. 3, exposure to 100 lM H2O2 did not
signiﬁcantly affect cell viability of control and E+ cells. TreatmentFig. 3. apoE overexpression improves cell resistance to hydrogen peroxide-induced
cytotoxicity in SW872 adipocytes. Control and E+ cells were incubated for 1 h with
H2O2 under serum-free conditions. Viability was analyzed 24 h later using the
trypan blue method. *P < 0.05 compared to untreated cells. **P<0.01 compared to
untreated cells. P < 0.05 compared to control cells.with 500 lM resulted in a 70% decrease in cell viability (control).
apoE overexpression signiﬁcantly protects cells against H2O2-in-
duced cell toxicity; a 50% increase in E+ cell viability was observed
when compared with control cells. Similar results were obtained
using propidium iodide (PI) staining followed by FACS analysis
(not shown).
3.3. apoE overexpression inhibits hydrogen peroxide-induced changes
in adiponectin and leptin gene expression
H2O2 was shown to provoke atherogenic changes in adipokine
gene expression in adipocytes. To examine the effects of apoE on
H2O2-mediated effects on adipokine gene expressions, control
and E+ cells were incubated with H2O2. To use experimental condi-
tions in which free radical damage is apparent without affecting
cell viability, we used 100 lM H2O2 in the following experiments.
Total RNA was extracted from cells and mRNA levels of adiponectin
(adipoQ), and leptin (lept), were measured using quantitative RT-
PCR. Adiponectin and leptin mRNA levels were decreased by 90%
in control cells treated with H2O2. In E+ cells though, adiponectin
and leptin mRNA levels were decreased by only 50% and 60%,
respectively (Fig. 4A and B).
3.4. apoE overexpression protects from hydrogen peroxide-induced
intracellular oxidation in adipocytes
Oxidative stress has been shown to increase the accumulation
of oxidized proteins in adipocytes [12]. In order to evaluate if apoE
could prevent H2O2 damages on cellular protein, we measured cel-
lular protein oxidation of lysates from control and E+ cells, treated
or not with H2O2, using the carbonyl assay. As shown in Fig. 5A, un-
treated control cells exhibited a higher carbonylated proﬁle com-
pared to E+ cells. Similarly, when cells were treated with H2O2
(100 lM), control cells exhibited more carbonylated proteins than
Fig. 4. apoE overexpression inhibits hydrogen peroxide-induced changes in adiponectin and leptin gene expression. Control and E+ cells were incubated for 1 h with H2O2.
Twenty-four hours later, total RNA was extracted, adiponectin (A) and leptin (B) mRNA levels were determined using quantitative RT-PCR. Results are means ± S.D. of
biological triplicates determination. Missing error bars are included in histograms.
Fig. 5. apoE overexpression protects from hydrogen peroxide-induced intracellular
oxidation in adipocytes. Control and E+ cells were incubated for 1 h with H2O2.
Twenty-four hours later, protein oxidation and ROS levels were determined by
measuring carbonyl content (A, B) and rates of DCF oxidation (C). Picture of
carbonyl content (A) is representative of two independent analyses. Signal intensity
(B) was quantiﬁed using ImageJ. DCF oxidation results are means ± S.D. of biological
triplicates determination. *P < 0.05 compared to untreated cells. **P < 0.01 compared
to control cells.
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vealed these variations in proﬁle intensities did not reach signiﬁ-
cance (p = 0.07). Noteworthy, signiﬁcant decreases in carbonyl
content in E+ cells compared with control cells (treated or not with
H2O2) were determined by using speciﬁc carbonyl ELISA technique
(data not shown). Intracellular ROS generation has been shown to
be involved in oxidative stress damages in adipocytes. To verify if
apoE could mitigate ROS generation in adipocytes, we measured
intracellular ROS levels in control and E+ cells, treated with H2O2
(100 lM) using the dichloroﬂuorescein diacetate (DCF-DA) assay.
As shown in Fig. 5C, at basal condition (no H2O2), E+ cells exhibited
two times less ROS levels as control cells. Treatment with H2O2 for
1 h signiﬁcantly increased ROS levels in control cells; however, in
E+ cells treated with H2O2, ROS levels remained lower than in con-
trol cells.
3.5. apoE exerts antioxidant activity
To determine whether the protection of apoE-overexpressing
cells toward oxidative insults could be due to the secreted apopro-
tein, we analyzed the antioxidant properties of secreted apoE.
Culture media from control and E+ cells were submitted to free
radical-induced hemolysis test. The antioxidant properties of the
preparation are evidenced by delayed hemolysis. Typical hemoly-
sis curves obtained in the presence of culture media from control
and E+ cells are illustrated in Fig. 6A. Hemolysis half-times
(HT50%) are shown in Fig. 6B. In comparison to control, culture
media from E+ cells signiﬁcantly delayed hemolysis (+18%,
P < 0.05). These results suggest that apoE secreted by adipocytes
can exert antioxidant properties. To ensure that it is the secreted
apoE in the medium of overexpressing cells that is directly in-
volved in free-radical scavenging, we tested antioxidant properties
of puriﬁed recombinant human apoE3. As shown in Fig. 6C and D, a
protective antioxidant effect was observed with 5 and 10 lg of re-
combinant apoE3, with 20% and 50% increases in the protective ef-
fect (P < 0.01 vs. control), respectively. Noteworthy, differences in
the shapes of curves between experiments reported on Fig. 6A
and C arise from the differences in sample buffer compositions (cell
media or PBS) between the two experiments.
4. Discussion
The current study was undertaken to evaluate the role of apoE
secretion in human adipocytes submitted to oxidative stress. Our
results showed that apoE secretion by adipocytes was stimulated
by oxidative stress and suggest a beneﬁcial advantage of apoE
Fig. 6. apoE secreted by adipocytes exerts antioxidant activity. Red blood cells were treated with AAPH (1 mM) in the presence of culture media from control and E+ cells (A,
B) or in the presence of 5 and 10 lg of recombinant human apoE3 (C, D). Typical hemolysis curves obtained are displayed in A and C. The times of 50% of maximal hemolysis
(HT50%) were determined and are shown in B and D. *P < 0.05 compared to control cells. **P < 0.01 compared to control (PBS alone).
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apoE appears to exert its protective effect both by mitigating intra-
cellular oxidation and by exerting extracellular antioxidant proper-
ties. These ﬁndings clearly showed a novel antioxidant role for
apoE at the adipocyte level.
For decades, adipocytes have been considered a storage com-
partment. More recently, emerging research efforts have shown
that adipocytes produce numerous regulatory factors implicated
in obesity-associated disorders [3]. Obesity has also been associ-
ated with chronic inﬂammation concomitant to an increase of
ROS production in adipose tissue [4].
apoE secreted by adipocytes plays important roles in adipocyte
metabolism [7,11,24,25]. However, although apoE anti-antioxidant
and anti-inﬂammatory activities in the arterial wall are now well-
established [8,16], such beneﬁcial roles of the protein in adipose
tissue have remained underestimated.
In our experimental conditions, using human primary mature
adipocytes and the cell line SW872, we showed that ROS stimu-
lated apoE secretion. These effects were partially reversed by the
antioxidant caffeic acid (Fig. 1). Although enhanced apoprotein
secretion by macrophages or hepatocytes in response to oxidative
stress has already been reported [26,27], the present results consti-
tute the ﬁrst report of oxidative stress effect on adipocytes from
human origin. Mazzone et al. have published an important study
on apoE synthesis by adipose tissue [24,25] but only very recently,
they have shown that oxidative stress downregulated apoE expres-
sion in adipocytes from murine origin [28]. The latter observations
were made in 3T3L1 cell line andmouse adipocytes that were incu-
bated in the presence of 1 mM H2O2 [28]. In the present study we
show an increase in apoE secretion due to oxidative stress. The
apparent discrepancy between their results and the ones reportedhere could be explained by the difference in species (human vs.
murine) or by the different agents and doses used to induce oxida-
tion (AAPH, glucose, glycated albumin vs. H2O2).
In order to evaluate the potent antioxidant role of apoE secreted
by adipocytes, we submitted human adipocytes overexpressing
apoE to H2O2. Indeed, exogenous addition of H2O2 in the culture
medium of adipocytes has been often used to model acute oxida-
tive stress [28,29]. Here, we show a signiﬁcant protection in term
of viability in adipocytes submitted to H2O2 when the cells overex-
pressed apoE (Fig. 3). Moreover, the decreased levels of adiponec-
tin and leptin mRNA by adipocyte incubated with H2O2 were
signiﬁcantly counteracted by apoE overexpression. Our results
showing a decrease in adiponectin mRNA levels are in full agree-
ment with the work of Soares et al. [29]. Reduced adiponectin
expression is associated with a higher risk of developing insulin
resistance [29]. The protective effects of apoE overexpression to-
ward changes in adipokine mRNA expression due to oxidative
stress strongly suggest that apoE may play an important role in
adipocyte cellular defense mechanisms.
The beneﬁcial role of apoE in the adipocyte response to oxida-
tive stress was further evidenced by the reduced free radical for-
mation and reduced carbonylated protein accumulation in apoE-
overexpressing cells submitted to hydrogen-peroxide (Fig. 5). In-
creased oxidative stress was recently described in obese people,
and was proposed to be an important pathogenic mechanism of
obesity-associated disorders [4]. Our group recently identiﬁed spe-
ciﬁc proteins subjected to carbonylation in human mature adipo-
cytes submitted to oxidative stress induced by advanced
glycation endproducts (AGEs) [12].
The observations presented here indicate that endogenous apoE
expression is determinant for the protection of adipocytes submit-
2048 E. Tarnus et al. / FEBS Letters 583 (2009) 2042–2048ted to oxidative stress. Even if the antioxidant activity of apoE has
already been studied in details at the artery wall level [8,16,30], it
was necessary to characterize the antioxidant activity of apoE se-
creted by adipocytes. Here and for the ﬁrst time, antioxidant prop-
erties of apoE secreted by adipocytes were evidenced using the
hemolysis test.
In summary, we demonstrated that apoE secretion by adipo-
cytes was stimulated by oxidative stress and that apoE overexpres-
sion protected adipocytes from hydrogen peroxide-induced
damages. We propose therefore that oxidative stress-mediated
enhancement in apoE secretion by adipocytes may represent a
mechanism to reduce adipose tissue inﬂammation during obes-
ity-associated disorders. This hypothesis and the importance of
apoE at the adipose level warrants further investigation.
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